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Abstract 

We report polarized neutron scattering studies of spin- wave excitations and spin fluctuations in the S=5/2 kagome lattice anti- 
ferromagnet KFe3(OH)e(S04)2 (jarosite). Inelastic polarized neutron scattering measurements at 10 K on a single crystal sample 
reveal two spin gaps, associated with in-plane and out-of-plane excitations. The polarization analysis of quasi-elastic scattering at 
67 K shows in-plane spin fluctuations with XY symmetry, consistent with the disappearance of the in-plane gap above the Neel 
temperature TV = 65 K. Our results suggest that jarosite is a promising candidate for studying the 2D XY universality class in 
magnetic systems. 
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1. Introduction 

Collective behavior in strongly correlated systems of- 
ten leads to unconventional ground states. One example of 
such systems is geometrically frustrated spins, where the 
incompatibility between the topology of an underlying lat- 
tice and spin interactions prevents the system from select- 
ing a unique ground state, prompting the presence of novel 
spin dynamics. The kagome lattice antiferromagnet is a 
highly frustrated two-dimensional lattice, being comprised 
of corner-sharing triangles. One of the hallmarks of this 
system is the "zero energy modes" , which result from the 
highly degenerate, but connected, ground state manifoldp] . 
The only constraint for the ground state is that the spins on 
each triangle be oriented 120° relative to each other. The 
loops at the tips of the spins in Fig. [TJ illustrate rotations 
of two of the spin sublattices about the axis defined by the 
third spin sublattice, representing the out-of-plane excita- 
tion with no energy cost (the 120° arrangement on each tri- 
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Fig. 1. Examples of ground state spin configurations of the kagome 
lattice antiferromagnet. The magnetic unit cell is shown by the 
shaded areas. The positive and negative signs indicated spin 
chirality[2]. The dotted loops illustrate the zero energy excitations 
as described in the text for (a) q=0 and (b) vo X V3 states. 



angle is maintained) . The spins on different parallel chains 
in the q = structure (Fig.QJa)) and different hexagons in 
the y/3 x v3 structure (Fig.QJb)) can be excited indepen- 
dently, resulting in the non-dispersive excitation. 

One ideal realization of the kagome lattice antiferromag- 
net is jarosite KFe 3 (OH) 6 (804)2- Fe 3+ magnetic ions with 
S = 5/2 located inside tilted octahedral cages formed by 
six oxygen atoms reside at each corner of the corner-sharing 
triangles that form the perfect kagome planes. Due to the 
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presence of the Dzyaloshinskii-Moriya (DM) interaction, 
the spins order in a q — structure (Fig.[lja)) with small 
canting forming an "umbrella" spin configuration below the 
Neel temperature T N = 65 K [2|3|4] . The DM interaction 
is allowed in jarosite because there is no inversion center 
between the magnetic ions 5 6 . The spin Hamiltonian is 
given by: 

H = [Ji ^ ■ Si + • S, x Sj] + J 2 Si • S i; (1) 

nn nnn 

where J\ and J2 are the nearest-neighbor and next-nearest- 
neighbor interactions, respectively, and D,y = (0, D p , D z ) 
is the DM vector. The DM interaction lifts the "zero energy 
mode" to a finite energy, making it measurable by neutron 
scattering. We have previously reported on the first obser- 
vation of this lifted zero energy mode in jarosite, and deter- 
mined all relevant spin Hamiltonian parameters [7J. In this 
proceeding, we report polarized neutron scattering studies 
of the lifted zero energy mode, and other spin- wave modes 
in jarosite. The polarization of spin fluctuations above T/v 
is also investigated. 

2. Experimental 

Inelastic polarized neutron scattering measurements 
were performed on TAS-1 spectrometer at Japan Atomic 
Energy Agency, Tokai, Japan. This state-of-the-art in- 
strument utilizes double-focusing Heussler crystals to 
monochromate and analyze the incident and scattered neu- 
tron beams [8] . The beam polarization of more than 90% is 
achieved. The final neutron energy was fixed at 14.7 meV. 
Horizontal collimations of open— 80'— sample— open— open 
were employed. However, due to the small sample, effective 
horizontal collimations of 48' — 18' — sample — 25' — 240' 
were used to calculate the resolution function. Pyrolytic 
graphite filters were placed in the scattered beam to re- 
duce higher-order contaminations. The energy resolution 
of about 1.2 meV and background of about one count per 
minute were achieved. A single crystal of jarosite of mass 
48 mg was oriented in the (HKO) zone. The sample was 
cooled by a 4 He close-cycle displex. 

The spin-wave calculations of the spin Hamiltonian 
(Eq.Q]) show three branches of low energy spin excitations, 
which correspond to two out-of-plane excitations and one 
in- plane excitation [9|10j . By choosing proper orientations 
of a polarization vector P, which is defined by the direction 
of a guide field, and wave vector Q, one can distinguish 
between the in-plane and out-of-plane spin excitations. If 
P and Q are parallel, both in-plane and out-of-plane mag- 
netic excitations will give rise to scattering intensity in the 
spin-flip (SF) channel. On the other hand, if P is perpen- 
dicular to Q, then the magnetic scattering in the SF chan- 
nel is due to the excitations that are perpendicular to both 
Q and P, and the magnetic scattering in the non-spin-flip 
(NSF) channel is due to the excitations parallel to P. 
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Fig. 2. Inelastic polarized neutron scattering measurements of 
spin-wave excitations at the zone center, Q = (100). The guide field 
is (a) parallel to Q, (b) perpendicular to Q and scattering plane, 
and (c) perpendicular to Q but lies within the scattering plane. 

Fig. [2] shows constant-Q scans at (1,0,0), the center of 
the Brillouin zone (r— point), measured at 10 K. The ob- 
served peaks were fit with narrow Gaussian convoluted with 
the experimental resolution function assuming the empiri- 
cal dispersion[7j. All fitting parameters except peak inten- 
sities were the same as those obtained from the unpolar- 
ized neutron scattering measurement reported in Ref. [7J. 
The rise at high energy was due to the contaminations 
from the main beam at 29 — 0. For the guide field along 
Q (HF) (Fig. [U(a)), both spin-wave excitations at 2 meV 
and 7 meV were observed in the SF channel, while there is 
no magnetic scattering in the NSF channel. For the guide 
field perpendicular to Q, and perpendicular to the scatter- 
ing plane (VF) (Fig.[5]Jb)), the peak at 2 meV was observed 
in the SF channel, and the peak at 7 meV was observed 
in the NSF channel. On the other hand, if the guide field 
was perpendicular to Q, but lay within the scattering plane 
(HFy) (Fig. H(c)), then the peak at 2 meV was observed 
in the NSF channel and the peak at 7 meV was observed 
in the SF channel. The equivalent intensities in the VF SF 
and HF SF channels and the absence of intensity in the 
VF NSF channel at 2 meV indicate that the 2 meV exci- 
tation is predominantly the in-plane excitation. Similarly, 
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Fig. 3. Quasi-elastic scattering centered at (1 0) measured by 
polarized neutrons at 67 K, when the guide field is parallel to Q (a), 
and perpendicular to Q and the scattering plane (b). 

the equivalent intensities in the VF NSF and HF SF chan- 
nels and the absence of intensity in the VF SF channel at 7 
meV indicate that the 7 meV excitation is predominantly 
the out-of-plane excitation. These results conclusively show 
that the 2 meV gap is an in-plane excitation, and the 7 
meV gap is an out-of-plane excitation, consistent with the 
spin- wave analysis. At the zone center, given the resolution 
of the instrument, the two out-of-plane modes appear de- 
generate at around 7 meV, with one of these modes being 
the lifted zero energy mode. 

The polarization of the spin fluctuations were also 
studied using polarized neutron scattering. Fig. [3] shows 
constant-Q scan at (1 0) through a quasi-elastic peak 
measured at T = 67 K. The observed quasi-elastic peak 
was fit to Lorentzian convoluted with the experimental 
resolution function. Backgrounds and peak widths were 
kept constant for all data sets. The intensities in the HF SF 
and VF SF channels indicate that the spin fluctuations are 
predominantly the in-plane fluctuations, providing the di- 
rect evidence for the presence of XY symmetry previously 
reported in Ref . [2] . 



expressions show that the in-plane gap is proportional to 
\D p \ while the two out-of-plane gaps are proportional to 
\/JiD? [7]9\ . Therefore, despite the similar D p and D z , 
the out-of-plane gap is significantly larger than the in- 
plane gap. Effectively, D p and D z give rise to an easy-axis 
and easy-plane anisotropies, respectively. D Zl which con- 
fines the spins in the plane, breaks the chiral symmetry, 
giving rise to the q = arrangement with positive chi- 
rality, while D y breaks the rotational symmetry around 
the c— axis, resulting in the Ising-type of ordering below 
Tjv[TT]. However, above Tn only the in-plane rotational 
(XY) symmetry is restored, while the chiral symmetry 
remains broken up to higher temperature [2]. This result 
immediately suggests the existence of the out-of-plane gap 
above Tjy. In fact, our polarized neutron scattering around 
the quasi-elastic peak above T/v exhibits the in-plane-only 
spin fluctuations, which imply that the out-of-plane gap 
remains at a finite energy. Therefore, in the critical regime, 
KFe 3 (OH) 6 (S04)2, whose interlayer coupling is negligibly 
small[5], is a promising candidate for studying the 2D XY 
universality class in magnetic systems. 
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3. Summary and discussion 



In jarosite, the spin gaps are a result of the antisym- 
metric DM interaction. To the leading order, the analytic 



3 



